To better assess the applicability of nitromethane as a selective quenching agent for alternant versus nonalternant polycyclic aromatic hydrocarbons in HPLC, TLC, and HPTLC analysis, we measured the effect that it has on the fluorescence emission behavior of 96 different polycyclic aromatic hydrocarbons dissolved in binary toluene/acetonitrile solvent mixtures. Results of these measurements revealed that the "selective quenching" rule is obeyed for the vast majority of PAHs, with the coronene derivatives being the only major exceptions. Fluorescence emission spectra are also reported for benzo [g] 
INTRODUCTION
Polycyclic aromatic compounds (PACs) have received considerable attention in the recent chemical literature, in part because of the widely varying carcinogenic and mutagenic properties of closely related isomers. Carcinogenic properties of select isomers, combined with an increasing awareness of environmental pollution and toxic material disposal, have prompted research to develop analytical methods specific for the different aromatic compounds. Current analytical methods generally employ high-resolution chromatographic techniques combined with pre-concentration via supercritical fluid ~-5 or Soxhlet extraction, ~7 relatively sophisticated or lengthy isolation, or group separation schemes to obtain fractions from environmental or biological samples suitable for chromatographic analysis. Gas chromatographic separations utilizing liquid crystalline 8-H and/or polymeric liquid crystalline stationary phases, 12-15 or using specially deactivated and stabilized thin-film open-tubular colReceived 10 January 1993. * Author to whom correspondence should be sent. umns, 16,17 enable concentrations of several (though by no means all) of the aromatic constituents to be determined experimentally. Unfortunately, even these high-efficiency columns cannot completely resolve all polycyclic aromatic compound isomers found in environmental samples, and because of volatility constraints, quantification of the higher-molecular-weight PACs is not generally possible through gas chromatographic measurements.
Mixtures containing larger, nonvolatile polycyclic aromatic hydrocarbons can be conveniently analyzed by high-performance liquid chromatography (HPLC). Conventional chemically bonded monomeric Cls stationary phases ls-22 (i.e., phases prepared with monofunctional silanes) can generally separate the various PAH molecules present according to overall size and number of aromatic rings. Monomeric Cls phases possess only limited inherent ability to separate PAH isomers on the basis of molecular shape. Enhanced shape recognition is achieved on either a "charge transfer ''23 or a polymeric C~s stationary phase '22,24,25 ( i.e., phase prepared with either difunctional or trifunctional silanes in the presence of water), the latter of which is believed to be molecularly ordered to some extent. Relative Conventional thin-layer chromatographic 26-~2 (TLC) and high-performance thin-layer chromatographic 33-37 (HPTLC) methods have been employed with limited success in the analysis of unknown PAC samples. In many of the published studies, the various polycyclic aromatic compounds were separated on alumina, silica gel, 3-cyanopropylsilanized silica gel, 3-aminopropylsilanized silica gel, octadecylsilanized silica gel, or partially acetylated cellulose plates. The spots or zones corresponding to expected PACs were then excised, and the concentrations of the individual PAC isomers determined by elu-tion and solution fluorometry. As in the case of HPLC, resolution in thin-layer chromatography is deterrained to a large extent by the stationary and mobile phase combination used. Even under optimum experimental conditions, it is very difficult (if not impossible) to completely separate all the different polycyclic aromatic compounds present in the environmental/biological samples commonly encountered.
Problems associated with co-eluting components in HPLC and TLC can be overcome in part by making the detector selective for each given PAC subclass. Of the four most common HPLC detectors on the market, fluorescence affords the most selectivity in that the excitation and emission wavelengths can be varied independently. While several polycyclic aromatic compounds may absorb at the same excitation wavelength, not all will emit at the wavelength(s) monitored by the detector. For the most part previous nitromethane quenching investigations have been confined to more polar solvents such as neat acetonitrile or binary aqueous/acetonitrile mixtures. Both systems are used routinely as mobile phases in HPLC analysis of small PAHs having six rings or less. However, larger six-to ten-ring PAH molecules may require an aromatic hydrocarbon or a dichloromethane mobile phase cosolvent in order for the solutes to elute from the chromatographic column (or to dissolve from the TLC/HPTLC plate) in timely fashion? 5 To better assess the applicability of nitromethane as a selective quenching agent for HPLC, TLC, and HPTLC analysis, we report the effect that nitromethane has on the fluorescence emission behavior of 96 different alternant and nonalternant PAHs dissolved in binary tolu- Table I are listed in our earlier papers. Stock solutions were prepared by dissolving the solutes in dichloromethane. Small aliquots of the stock solutions were transferred into test tubes, allowed to evaporate, and diluted with the solvent of interest. Final solute concentrations were sufficiently dilute to minimize inner-filtering artifacts. Solvents were of HPLC, spectroquality or AR grade, purchased commercially from either Aldrich or Fisher Scientific, and the resulting solutions were optically dilute (absorbances cm -1 < 0.01) at all wavelengths, except for the nitromethane quenching studies.
Absorption spectra were recorded on a Bausch and Lomb Spectronic 2000 and a Hewlett-Packard 8450A photodiode array spectrophotometer in the usual manner. The fluorescence spectra were run on a Shimadzu RF-5000U spectrofluorometer with the detector set at high sensitivity. Solutions were excited at the wavelengths listed in Table I . Fluorescence data were accumulated in a 1-cm 2 quartz cuvette at 19°C, ambient room temperature, with excitation and emission slit width settings of 15 nm and 3 nm, respectively. For solvent polarity determinations involving pyrene, the emission slit width was reduced to 1.5 nm so that the calculated intensity ratios could be compared directly with literature values25 Street and Acree 5G had previously shown that emission intensity ratios vary with emission slit setting. The fluorescence spectra, depicted in Figs. 2 and 3 , represent a single scan which was then solvent blank corrected and verified by repetitive measurements.
Emission intensities associated with the quenching study were corrected for primary inner-filtering artifacts arising from the absorption of excitation radiation. Many of the PAHs have excitation wavelengths in the 300-320 nm spectral region, and a few drops of nitromethane gave solutions having appreciable absorbances. Mathematical expressions, computational procedures, and interrogation zone dimensions are given elsewhere2 °-41,57,5' 3 Every effort was made to work at solution absorbances below A cm -1 _< 0.95 ([p,m --< 3.00) where the inner-filtering correction equation is valid. Secondary inner-filtering corrections were not necessary in the present study since nitromethane is "optically transparent" in most of these PAHs' emission ranges.
RESULTS AND DISCUSSION
Representative fluorescence emission spectra of corannulene (dibenzo[ghi,mno]fluoranthene) and rubicene dissolved in n-hexadecane, butyl acetate, dichloromethane, and dimethyl sulfoxide are depicted in Figs. 2 and  3 . These four nonelectrolyte solvents were judiciously selected so as to encompass the entire range of solvent polarity, from the nonpolar n-hexadecane to the moderately polar butyl acetate and dichloromethane solvents to the very polar dimethyl sulfoxide, which is the most polar solvent considered in this present study. The fivemembered ring in the center of corannulene introduces curvature, giving it the shape of a bowl. The geometry of corannulene is reminiscent of the carbon cage molecules called fullerenes. Recent studies by Scott et al. suggest that its bowl inverts more than 200,000 times per second at room temperature) 9 The fluorescence lifetime for most organic molecules is about 10 -7 to 10 -9 seconds; therefore, corannulene should not have time to complete a full inversion during the fluorophore's lifetime. The fluorescence spectra of corannulene in Fig. 2 are thought to be an average of the constantly inverting molecule. Although it is completely different in its molecular geometry than any other fluoranthenoid studied to date, its fluorescence emission spectra are typical for a member of this PAH subclass. Fluorescence emission spectra showed little or no fine structure and consisted primarily of 1-3 very broad bands for most of the fluoranthenoid and fluorenoid compounds studied. Table II documents that within each group (see Table  I for Group definitions) the newly studied PAHs' behavior is indicative of their respective subclasses, with the exception of rubicene. As with the previously studied pyrene derivatives, the s u b s t i t u t e d benzo [b] fluoranthene and benzo[k]fluoranthene fluorophores have fluorescence emission spectra similar to their parent compound, but with reduced fine structureY Closer examination of Fig. 3 reveals that rubicene initially showed signs of probe character as evidenced by variation of emission intensity ratios with solvent polarity. Calculated emission intensities for rubicene (RUB; I @ 403 nm/ VII @ 544 nm) ranged from RUB = 0.80 for n-hexadecane, RUB = 0.58 butyl acetate, and RUB = 0.96 for dichloromethane to RUB = 2.16 for dimethyl sulfoxide. The emission intensity ratios, however, do not vary systematically with solvent polarity regardless of how the emission peak ratios are defined. All of the solutes listed in Table II are thus classified as nonprobes. For a compound in the fluoranthenoid subclass, rubicene shows very unusual behavior. To date, we have not found any compound in this particular subclass to have more than three emission peaks in its fluorescence spectra. Rubicene has seven and sometimes eight emission peaks, and most are very well resolved. In light of nitromethane quenching behavior (see below), the fluorescence characteristics of rubicene will be examined in greater detail.
Previous studies involving nitromethane as a selective quenching agent for discriminating between alternant vs. nonalternant PAHs utilized either neat acetonitrile or a binary aqueous/acetonitrile mixture (20:80 percent by volume). Such solvents work well as mobile phases in HPLC separations for those PAHs that contain six rings or less, but different solvent strengths must be employed for larger PAHs having six to ten rings. Toluene/acetonitrile or ethyl acetate/acetonitrile mixtures have served well in the past as HPLC mobile-phase solvents for the separation of the larger PAHs. 2~,s° Table I compares the experimental results regarding the ability of nitromethane to act as a selective quenching agent for alternant vs. nonalternant PAHs in the aqueous/acetonitrile mixture utilized earlier and a toluene/acetonitrile mixture (40:60 percent by volume). While a published paper 3s has alluded to the fact that solvent polarity affects nitromethane's ability to act as a selective quenching agent, there was no in-depth study ever reported. Examination of Table I reveals that the toluene/acetonitrile mixture (Py = 1.49), although less polar than the aqueous/acetonitrile mixture (observed Py = 1.6061; Py = 1.80 after correction for slit width effects ~6) or pure acetonitrile (Py = 1.795~), can effectively be used as an HPLC solvent when nitromethane is employed to selectively quench the fluorescence emission signals of alternant vs. nonalternant PAHs. Of the 96 compounds examined, only nine behave differently in the toluene/acetonitrile solvent mixture as compared to the aqueous/acetonitrile solvent mixture or neat acetonitrile. Interestingly, seven of the nine exceptions are coronene derivatives. Earlier studies utilized the aqueous/acetonitrile mixtures, but we have found that for all 96 compounds, except for the aforementioned coronene derivatives, the selective quenching rule is obeyed in neat acetonitrile as well. Since then, we have employed acetonitrile, rather than the aqueous/ acetonitrile mixture, to enhance the solubility of the larger PAHs. One of the unexpected "selective quenching" rule exceptions listed in Table I is rubicene. Examination of Fig. 4 reveals that the quenching of rubicene is very different. Rubicene is a nonalternant fluoranthenoid; therefore, it should not be quenched by nitromethane. The first five emission peaks (403,416, 426, 441, and 453 nm) that are narrow and well defined are quenched, while the two broad peaks (482 and 541 nm) remain unquenched. The slight increase in intensity of the 541-nm emission peak via addition of nitromethane may be attributed to enhanced solubility, viscosity, or solvent polarity. As mentioned earlier, the number of peaks and the surprising amount of detailed fine structure of the first five peaks are not indicative of this subclass. The fluorescence emission spectra and the nitromethane quenching behavior suggest that rubicene acts as if it had two electronic centers, the first corresponding to an alternant moiety that would be quenched and the second corresponding to an unquenched nonalternant moiety. The molecular structure would also suggest this possibility since rubicene has an alternant anthracene moiety through the center of the compound as well as two nonalternant fluoranthene moieties on each end. The alternant moiety would explain the fine structure of the first five bands in the spectra, and the nonalternant moiety could explain the last two broad, unstructured bands.
Another plausible explanation of the broad red-shifted fluorescence emission peak at 541 nm in the rubicene spectra is excimer formation. To eliminate this possibility, we undertook a concentration study. It was found that even when the solute's concentration was so low that it gave only very weak fluorescence emission intensities, all seven or eight bands still remained, including the band at 541 nm. The change in the excitation spectra via changing emission bands was also examined. In differing solvents the excitation spectra contained the same wavelengths at the various emission peak settings, but the ratios of the bands were significantly different. Also, the excitation spectrum with the emission collected at 541 nm was completely different than it was with the emission setting at 403 nm. In dimethyl sulfoxide and n-hexadecane, the excitation spectra did not change when the emission setting was at any of five well-defined peaks (DMSO: 403, 416, 426, 441, and 453 nm), but the excitation spectra were not the same as the spectrum obtained at 541 nm. The small broad peak at 482 nm gave an excitation spectrum that appeared to be the addition of the two spectra obtained for the broad band at 541 nm and well-defined bands at 403, 416, 426, 441, or 453 nm, since it was not identical to either one, but contained peaks belonging to both. Experimental data from the concentration and excitation studies, combined with the nitromethane quenching phenomena, as well as the molecular structure arguments, support the idea that rubicene acts like two electronic centers. A technique such as ultraviolet or fluorescence spectroscopy with polarized light in organized solvent media could perhaps determine whether this is true. 62 Even in light of the few mentioned exceptions, nitromethane remains very useful as a selective quenching reagent. This work further provides a clear indication that it promises to be useful in actual HPLC separations. Future studies will examine several other HPLC solvents to verify that the "selective quenching" rule is obeyed.
